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Abstract

Over the last decade, high-resolution angle-resolved photoemigstatrascopy
(ARPES) has emerged as a tool of choice for studying tlo&rahéc structure of solids,
in particular, strongly correlated complex materials sucbugsate superconductors. In
this paper we present the design of a novel time-of-flight bakdron analyzer with
capability of 2D in momentum space (kx and ky) and all energasulated from time
of flight) in the third dimension. This analyzer will utilize emproved version of a 2D
delay line detector capable of imaging with <35 microns (700 x pigéls) spatial
resolution and better than 120ps FWHM timing resolution. Electron opiresepts and
optimization procedure are considered for achieving an energutiesdess than 1meV

and an angular resolution better than 0.1 deg.
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|. Introduction

The measurement of the energy spectrum of emitted electrons as a functrossofre
angle is the goal of Angle-Resolved Photoemission Spectroscopy (ARPES), whic
provides a mapping of the electronic structure of a solid and the symmetry igpért

the lattice. The most widely used instrument for ARPES is the hemisph&ection
Energy Analyzer (EEA) [1]. This technique requires the mechanicahswpaf the

sample at least in one direction which that significantly reduces tleaay of measured
spectrum due to the degradation of the sample properties during the scan. Tosolve thi
problem we developed an Imaging Time-of-Flight (TOF) electrontspeeter Fig.1)

with Microchannel Plate (MCP) and Cross Delay Lines (XDL) etecttetector having

2D spatial (700x700 lines) and temporal (better than 120ps FWHM) resolution [2]. The
kinetic energy of electrons is determined by their preciseaatime at the detector. The
advantage of a TOF-EEA is a significantly wider window of simultaneouséctisl
energies and the stigmatic properties of the electron opticsvitidtanalyzer

transmission calibration in two perpendicular directions. One of the first dedigns
TOF-EEA for surface-science applications was introduced by Bachrakh3jt and

was later further developed for gas-phase samples [4].

I1. Design concept of electron optical systems



The electron optical scheme of a TOF ARPES analyzer consists dolseagor
components: the electrostatic Immersion Objective Lens formin@dliibn pattern of
photoelectrons in the plane of variable aperture; the telescopic doublet of |Enszs
which project the diffraction plane of EOS on XDL detector with magnificatidhan
range M = 0.6-1.8; the correction module consisting of two octupole deflectors and a
stigmator. This lens system was optimized for angular resolution better thamfeé de
and energy resolution < 5meV for 0.5 mm wide electron emission spot on the sample
and the 30 degrees angle of divergence . The major constrain on imatgeajsaitic
type EOS is the energy spread in the photoelectron flow (i.e. system’schreamatic
aberration). In a TOF EOS with a position sensitive detector this praldesn't exist
because the collected electrons are sorted by their arrival time detédotor or, in other
words, by energy. For a detector with a temporal resolution <120ps and shenpagy
of the analyzer of 10eV it corresponds to the electron’s energy spréedramge of few
millivolts. At the same time the image distortions due to chromatic alweriaio um)

are significantly less than spatial resolution of the detector.

[11. Image For mation in Momentum Space

Immersion objective lens (Fig.1) allows shifting the eleckimetic energy€ g
by accelerating or decelerating the beam to a particvEue specified by
€ pass = €0 —U, + U which is considered as a pass energy of the analyzer, where U

and U are potentials of the first and the last electrodes of the ®bject lens was

designed to create a photoelectron diffraction pattern in the pfaragiable aperture for

all possible values of the immersion paramlgs = &, / € s . The telescopic doublet



of the Transport and Projective lenses (Fig.1) translaterttagae onto the plane of the
XDL detector. In such a system, only geometrical (sphericama¢ astigmatism)
aberrations take effect and some of them are minimized byp@omiate lens design.
The spherical temporal aberration and astigmatism are catrdateng the image data

processing.

IV. Energy Resolution and Temporal Aberrations

The time propagation of charged particles with initial phase coordirﬁétaed

l'o , energy&yand energy variatiorﬁé‘o through an axial symmetrical EOS with

potential distribution U(z) along optical axis Z could be expressed as:

teo 11 Tov )= [Fo )@+ +As)] 20z
0

o L y |
By denoting< I, .k >=5’[/5I’0'5I’015A80 and assuminty, Iy andA&, are

small parameters, than the propagation time can be expressed in thoé fopaower

series:
t(& o510 Agy) =ty(6) + AL (Ag) +AL (g, 1) +AL . (Mo, 10, A%) (2)
InEq, (2) -f, =<t|000> - flight time of a particle along the optical axis;

At (Ag,) =<t|001> Ag,+ <t|002> Ag? - second-order variation of the flight

time due to the energy spread. It also defines the energy dispersiveipsopelEOS.



1 t
Atrr' (I’ 0 I‘O) = ROQRO - the temporal-spherical second-order aberration and

Atrr'g (r " ,I‘O,AEO) = R[)G%Ago - the third-order aberration, which defines the

variation of the energy dispersive properties of EOS on the detector plar®. aia(

are matrixes of aberration coefficients

_(<t]200> <t[110> G- <t]201> <t|111>
| <t]110> <t]020> / l<t]111> <t]021>
m_ |
and Ry = . is the vector of the initial phase coordinate.
0

V. TOF_EEA design and reconstruction of the energy spectrum

Translation of time-of-flight into the energy spectrum could be done ditegtplving
Eq.l1as€o — 01191 AEG) . More efficient way to find the kinetic energy of

electron as function of flight timé&o (t) derived from solution of the second order

polynomial equations ( 2 ). The optimization of analyzer's EOS is done witteaan

of maximum energy resolution and the beam transmission rate. For convenisnce le

introduce the normalized flight time ds= t/tpass - wheret andfpassare flight times of

particles with kinetic energy, ande ., accordingly. Fronfrig.2 it follows that the

flight time is dependent not only on the immersion parameter of EOS but also on the

emission angle of electrons and has to be taken in consideration during theioalofila



the photoelectron energy spectrum. Spatial energy resolution at th@dptane is

shown orFig. 3 asfunction of electrons emission angjle

V1. Experiment setup

For testing the analyzer we developed a pulsed (70 ps) electron gunbaik-a

illuminated photocathodeRig.4). The energy spread of the photoelectrons was measured
to be 0.4eV. A pinhole mask with 1 mm round holes was installed at the entrance to the
simplified setup of the analyzer (fixed aperture and no correction elemeahtsscheme)
(Fig.4). An additional test was done on the ALS beam line 12.0.1. A full spectrum up to

60eV was measured from cooled (T=15 K) gold sanfiig5).

VI1II. Conclusion.
The tests led to a conclusion that the analyzer’s angular resolution rsthatt®.2
degree. The performance of newly developed TOF electron spectromatgoi
agreement with the simulation results. The new spectrometer is capghknatative
ARPES experiment with a submilivolt energy resolution, opening new fremti¢he
photochemistry and catalysis research. Also we are greatly appdesiggport from
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Figures:
Fig. 1. Electron Optical Scheme of TOF ARPES analyzer:
1. Objective electrostatic axial symmetrical lens
2. Variable iris aperture, radius = 0.25- 2”
3. Transmission and Projective lenses
4. Correction elements- two deflectors and stigmator

5. Cross Delay Lines 2D+T electron detector

Fig. 2. Electrons normalized flight timé = t/tpass as a function of the emission angle

for different emersion parameters ( Kim) of TOF analyzer.

Fig.3. Energy resolution of the analyzer as a function of the emission ahellectrons
for different emersion parameters ( Kim) of analyzer.

Fig. 4. The testing setup of TOF ARPES analyzer with a pulsed (FWHM - 70 ps)
photocathode electron gun.

Fig.5. TOF spectrum and a histogram images obtained from a gold sample on the

specified peaks and overall spectrum range.



